We report on the first-principles calculations of bandgap modulation in armchair MoS 2 nanoribbon (AMoS 2 NR) by transverse and perpendicular electric fields respectively. In the monolayer AMoS 2 NR case, it is shown that the bandgap can be significantly reduced and be closed by transverse field, whereas the bandgap modulation is absent under perpendicular field. The critical strength of transverse field for gap closure decreases as ribbon width increases. In the multilayer AMoS 2 NR case, in contrast, it is shown that the bandgap can be effectively reduced by both transverse and perpendicular fields. Nevertheless, it seems that the two fields exhibit different modulation effects on the gap. The critical strength of perpendicular field for gap closure decreases with increasing number of layers, while the critical strength of transverse field is almost independent of it.
Introduction
Two-dimensional nanomaterials have attracted much attention due to their exotic physical properties that are derived from the quantum confinement effect [1] [2] [3] [4] . In this context, monolayer MoS 2 , a direct semiconductor with a bandgap of 1.9 eV [5] , has been one of the subjects of interest. The suspended monolayer MoS 2 has been successfully produced using a mechanical exfoliation technique pioneered for the isolation of graphene [6, 7] , lithium-based electrochemical lithiation [8] or liquid phase exfoliation [9] [10] [11] . To date, the properties of monolayer MoS 2 have been studied both theoretically [12] [13] [14] [15] [16] and experimentally [17] [18] [19] [20] [21] . In particular, recent reports on field effect transistors [4, 22] and phototransistors [23] based on monolayer MoS 2 have strongly suggested monolayer MoS 2 as one of promising candidate materials for novel electronics and photonics devices.
Commonly a tunable bandgap of material is favorable and desirable for allowing flexibility in device design and application. Several strategies have been attempted by researchers, such as patterning monolayer into a nanoribbon [24] , utilizing multilayer nanosheets, applying external electric field [25] , and stretching the structures [26] . In the case of a MoS 2 monolayer, Ramasubramaniam et al investigated through first-principles calculations the bandgap tuning in bilayer MoS 2 sheets by a perpendicular external electric field [27] . Other theoretical studies [28, 29] predicted that the armchair MoS 2 nanoribbon (AMoS 2 NR) is semiconducting and its electronic properties are weakly dependent on the ribbon width, whereas the zigzag MoS 2 (ZMoS 2 NR) exhibits metallic behavior. In addition, the electronic properties of monolayer and multilayer MoS 2 were also engineered by imposing compressive and tensile strains on their geometry structures [30, 31] . Nevertheless, to the best of our knowledge, the effect of external electric field on the electronic properties of AMoS 2 NR remains to be examined.
In this paper, we investigate through first-principles calculations the bandgap modulations in monolayer and multilayer AMoS 2 NRs by external electric fields. In our calculations, two kinds of fields are applied, namely transverse and perpendicular electric fields. It is shown that the bandgap of monolayer AMoS 2 NR can be modulated by the transverse field, whereas the gap modulation effect is absent under the perpendicular field. On the other hand, both the transverse and perpendicular fields are found to be viable tools to tune the gap of multilayer AMoS 2 NR. However, it is shown that the modulation effects of the two fields on bandgap are different.
Model and methodology
Calculations are performed within the density functional theory (DFT) by using the linear combination of an atomic-orbital basis implemented in the SIESTA package [32] . The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional [33] is used for the exchange-correction potential and norm-conserving Troullier-Martins pseudopotentials [34] for the core-valence interactions. The double-ζ polarized numerical atomic-orbital basis sets for Mo, S, and H are employed. A 200 Ryd cutoff for a real-space grid is chosen for charge and potential integration. The Brillouin zone is sampled by 12 × 1 × 1 Monkhorst meshes [35] for a 1D nanoribbon. Vacuum layers of 20Å are chosen in width and thickness directions to prevent interaction between adjacent nanoribbons. All atomic positions under applied external electric field are fully relaxed using the conjugated gradient method, until the Hellmann-Feynman force on each atom is less than 0.02 eVÅ −1 . Figure 1(a) shows the top view of the monolayer AMoS 2 NR. Almost perfect hexagonal geometry can be seen. The AMoS 2 NRs are classified by the dimer bonds across the ribbon width and are denoted as n-AMoS 2 NR. The passivation is carried out by attaching H atoms to the edge atoms, namely, two H atoms to each Mo atom and one H atom to each S atom. The side view of monolayer AMoS 2 NR is also shown in figure 1(b) and a sandwich structure is presented. For multilayer n-AMoS 2 NR, the structure is achieved by placing individual AMoS 2 NR layers over each other with AB stacking, which follows the stacking rule in its bulk form. The external electric field involved in our calculations is modeled by adding a sawtooth-type potential to the nanoribbon 3 . Two kinds of electric fields can be distinguished according to the directions, transverse electric field (y-direction) and perpendicular electric field (z-direction), as illustrated in figures 1(c) and (d), respectively.
Results and discussion
The structure optimization of AMoS 2 NR is performed first. The monolayer MoS 2 sheet is found to have lattice constant a 0 = 3.17Å, length of S-Mo bond d S-Mo = 2.42Å, and thickness d S-S = 3.17Å. The optimized AMoS 2 NR shows that these lattice parameters at the edge change, whereas they remain constant within the ribbon. For monolayer 10-AMoS 2 NR, while d S-Mo = 2.42Å and d S-S = 3.17Å at the center of the ribbon, they change to d S-Mo = 2.55Å and d S-S = 3.26Å at the edge of the ribbon. For monolayer 11-and 12-AMoS 2 NRs, d S-Mo and d S-S attain the same value as 10-AMoS 2 NR. In addition, for multilayer AMoS 2 NR structure, the separation between two neighboring layers is determined to be d 0 = 3.40Å, which is consistent with the reported result [29] .
Monolayer AMoS 2 NR
Monolayer AMoS 2 NR exhibits semiconducting characteristics with a direct bandgap. The bandgaps of 10-, 11-, and 12-AMoS 2 NRs without electric field are 0.74, 0.72, and 0.76 eV, which are in agreement with the previous calculations [12] . When external transverse electric fields are applied, the gaps of monolayer AMoS 2 NRs with different widths vary as a function of field strength, as shown in figure 2(a). Similar to the other cases [27, 36] , the electric field displays a remarkable reduction effect on the band structure of monolayer AMoS 2 NR. It is shown that, for the nanoribbon involved here, its gap decreases almost linearly with increasing electric field (below 2 V nm −1 ). While the electric field is continuously enhanced, the bandgap reduces smoothly and eventually closes until the field strength is beyond a critical value. Then the ribbon renders metallic properties. For instance, the semiconductor-to-metal transition in 11-AMoS 2 NR occurs when the transverse critical field strength reaches 3 V nm −1 . The nonlinear part of the gap curve may be due to the disadvantage of atom-centered basis sets for this type of electric field calculation. When external electric field approaches the critical field strength, the atom-centered basis sets would fail to describe the wavefunction which extends far away from the crystal structure into the vacuum [37] . Apart from that, it seems that the critical field strength for gap closure roughly decreases with increasing ribbon width.
Obviously, these critical values for gap closure are high and difficult to be actualized in experiment. Fortunately, this issue may be solved by continuously increasing the ribbon width, in light of the discussions above. Furthermore, the practically available nanoribbon usually possesses tens or hundreds of nanometers width, so it would make the bandgap easily tuned and rapidly closed under the application of external electric field. In order to confirm this expectation, we calculate the 20-AMoS 2 NR (3.2 nm width) case, as plotted in figure 2(a) . It is found that the bandgap of 20-AMoS 2 NR decreases rapidly and closes at 1.5 V nm −1 , which is half of the critical field strength for 11-AMoS 2 NR.
We further calculate the charge densities of 10-AMoS 2 NR under different transverse electric fields. Figure 3 vividly illustrates the band structures and charge densities of specified states at valence band maximum (VBM) and conductance band minimum (CBM) when the field strengths are 0, 1, and 2 V nm −1 , respectively. It is shown that all the bandgaps are direct at the point. In the 0 V nm −1 case, the states at VBM and CBM are determined to be edge states, with their charge densities mainly delocalized over edges of the ribbon ( figure 3(d) ). Upon application of external electric field, the electrostatic potential symmetry over the ribbon is broken and the charges are redistributed, which is known as the giant Stark effect (GSE) [38, 39] . As a result, the charge density of VBM is delocalized at the right side of the ribbon, where the electrostatic potential is raised. In contrast, the charge density of CBM is delocalized at the left side of the ribbon, where the electrostatic potential is lowered, as shown in figures 3(e) and (f). This charge density redistribution induces the splitting of sub-bands near the Fermi level and further narrowing of the bandgap [36] . For a complete consideration, we also apply the perpendicular electric field in the monolayer ribbon, but we fail to observe the influence on bandgap for a merely slight deformation in its band structure.
Next, we extract the linear portion of the bandgap (E g ) curve drawn in figure 2(a) . In light of [27, 39] , the slope can be described as
where E is the external electric field, e is the electron charge, and S L is the linear GSE coefficient which indicates the ability of electric field to tune the bandgap. Since the potential of the transverse field is eEy, the bandgap change E g = eE y c − eE y v , where y c and y v are the centers of the CBM and VBM along the direction of the electric field. The distance between y c and y v would be proportional to the ribbon width W, then E g ≈ eE(αW + C). Hence, the GSE coefficient S L would linearly depend on the ribbon width W as
In order to verify this scenario, we calculate S L for 10, 11, 12, and 20-AMoS 2 NRs and find the values to be 2.51, 3.33, 3.57, and 7.53Å, respectively. These values are well fitted to the formula, S L = 0.31W − 2.38, as plotted in figure 2(b) . The fitted line with a slope of 0.31 proves S L obeys a linear scaling law on W. Moreover, it indicates that the transverse electric field exhibits a stronger ability to modify the bandgap in a wider monolayer AMoS 2 NR. 
Multilayer AMoS 2 NR
We turn to study the field-induced modulation effect on the band structure of multilayer AMoS 2 NR. For consideration of computation cost, we choose 10-AMoS 2 NR as the prototype. Similar to the monolayer ribbon, the ground state of multilayer ribbon remains semiconducting with a direct bandgap at . Nevertheless, the multilayer ribbon has a smaller bandgap (0.55, 0.43 and 0.38 eV for bi/tri/tetralayer ribbons, respectively) than monolayer ribbon (0.74 eV). It seems that the bandgap decreases while the number of layers increases. This is due to the increased dispersion of the sub-bands induced by the interlayer interaction [36, 40] .
When transverse electric field is applied, the bandgap of multilayer AMoS 2 NR turns out to be reduced and eventually is driven to zero, as shown in figure 4(a) . However, it seems that the field-induced modulation effect on multilayer ribbon is less sensitive than the monolayer case in terms of the descending rate of the gap curve. Moreover, when the electric field strength gets larger, the gap curves of multilayer ribbons gradually approach each other. The reason for that will be analyzed below. Besides, the influence of perpendicular electric field on the gap in multilayer 10-AMoS 2 NR is also examined, as shown in figure 4(b) . The gap decreases as the perpendicular electric field increases. In addition, it is noted that the critical field strength for gap closure decreases as the number of layers increases. For example, the critical strength in the tetralayer case reduces to 1.5 V nm −1 , whereas that in the bilayer case is found to be 6 V nm −1 up and down. Comparing with the results presented in figure 4(a) , we can find that the two kinds of electric fields present different modulation effects on the gaps of multilayer ribbons. For ribbons with the same width, the critical strength of perpendicular field for gap closure decreases rapidly with increasing ribbon thickness, whereas the critical strength of transverse field is almost independent of it. Figure 5 displays the band structures and charge distributions for the CBM and VBM states of bilayer 10-AMoS 2 NR with and without external electric field. These pictures clearly illustrate how the two kinds of electric fields modify the band structures of multilayer AMoS 2 NRs. When transverse electric field is employed, charge density redistributes, as shown in figure 5 (e). The density of state at the VBM (CBM) delocalizes on the right (left) edge of the bilayer ribbon, owing to the raised (lowered) electrostatic potential at the right (left) edge. Figure 5(f) shows the charge density distribution with perpendicular field applied. It is found that the density of state at the VBM (CBM) delocalizes on the lower (upper) layer of the bilayer ribbon, where the electrostatic potential rises (lowers). Note that the two electric fields induce different density distributions at the VBM and CBM in multilayer structure. Nevertheless, the modulation mechanisms behind these results are the same, namely, breaking the electrostatic potential symmetry of the structure which leads to the GSE.
Still, we can calculate from equation (1) the linear GSE coefficient S L for multilayer 10-AMoS 2 NR. Different from the function relation between S L and W for the monolayer case, herein we find that S L obeys a linear scaling law on the reciprocal of ribbon thickness (D), as figure 4(a) ). In contrast, for the perpendicular field case, S L presents an inverse variation versus D, namely, the gap modulation capacity of the field gets stronger with increasing ribbon thickness. Similarly considering the linear variation region, a fitted S L = −37.12(1/D)+5.46 is obtained, which has a larger slope than the former. More interestingly, there exists an intersection point between the two fits, indicating a competition between the two electric fields. While the transverse field demonstrates slightly better capacity to modulate the gap of bilayer ribbon, the perpendicular field exhibits a stronger ability to tune the gap of other multilayer ribbons.
Conclusions
In summary, we have investigated the modulation effect of external electric field on band structure in AMoS 2 NR using first-principles calculations. We have applied both the transverse and perpendicular electric fields in the monolayer and multilayer ribbons respectively. In monolayer AMoS 2 NR, the bandgap decreases with increasing transverse electric field and closes at a critical field strength. It is noted that the critical strength decreases as ribbon width increases. The gap-tuning effect in monolayer ribbon is absent when the perpendicular field is applied. For the multilayer case, it is found that the bandgap can be effectively driven to zero by both the transverse and perpendicular electric fields. However, the responses of bandgaps to the two kinds of fields are distinct. The critical strength of perpendicular field for gap closure descends with increasing number of layers, while the critical strength of transverse field is almost independent of it. Our calculations indicate that the field-induced bandgap modulation arises from the broken electrostatic potential symmetry in AMoS 2 NR owing to the application of external field. Being a viable way to engineer band structure, we hope this gap modulation method could be used for application in future nanodevices based on AMoS 2 NR.
